Tantalum pentoxide (Ta 2 O 5 ) is a promising material for mass-producible, multi-functional, integrated photonics circuits on silicon, exhibiting robust electrical, mechanical and thermal properties, as well as good CMOS compatibility. In addition, Ta 2 O 5 has been reported to demonstrate a non-linear response comparable to that of chalcogenide glass, in the region of 3-6 times larger than that of materials such as silica (SiO 2 ) or silicon nitride (Si 3 N 4 ). In contrast to Si-based dielectrics, it will accept trivalent ytterbium and erbium dopant ions, opening the possibility of on-chip amplification. The high refractive index of Ta 2 O 5 is consistent with small guided mode cross-section area, and allows the construction of micro-ring resonators. Propagation losses as low as 0.2 dB/cm have been reported. In this paper we describe the design of a planar Ta 2 O 5 waveguides optimised for the generation of coherent continuum with near infrared pulse trains at kW peak powers. The Pulse Repetition Frequency (PRF) of the VECSEL can be tuned to a sub-harmonic of the planar micro-ring and the optical pump power applied to the VECSEL can be adjusted so that mode-matching of the VECSEL pulse train with the micro-ring resonator can be achieved. We shall describe the fabrication of Ta 2 O 5 guiding structures, and the characterisation of their nonlinear and other optical properties. Characterisation with conventional lasers will be used to assess the degree of coherent spectral broadening likely to be achievable using these devices when driven by mode-locked VECSELs operating near the current state-of-art for pulse energy and duration.
INTRODUCTION
Broad wavelength laser emission has been of use for a large number of fields, and as the power, repetition frequency and breadth increase, even more techniques and technologies become available. Non-linear processes have been harnessed extensively in optical systems to provide broadband wavelength sources capable of high power spectroscopy, and with sufficient coherence for metrology. Frequency combs, consisting of individual equidistant optical frequency components, have been of keen interest to the scientific community as a whole 1 , even attaining the Nobel Prize in 2005. A frequency comb is of such importance because it can be used as an optical ruler, measuring unknown frequencies by beating them against the comb. This can be applied with great accuracy as long as an optical component can be referenced to an absolute frequency value, that is stabilising the Carrier Envelope Offset frequency (f CEO ). An effective way of achieving this is to produce an octavespanning comb, so that the lowest frequency component can be doubled and compared to the highest frequency component, in an "f-to-2f measurement". Unfortunately, non-linear processes require intense pulses with peak powers exceeding kW to drive a broad continuum at sufficient power; as a result, a typical supercontinuum system will be based around a high power mode-locked laser, e.g. Ti:Sapphire or MOPA system. Due to their high peak power and pulse durations, these lasers can efficiently use the second order refractive index in silica (n 2 =2.6e-20 m 2 /W 2 ), which is low loss at telecom wavelengths, readily available and easy to manufacture. 
Frequency combs of GHz repetition rates have been sparsely demonstrated by using microresonators and mode filtering 3 , and remain a desirable objective. The mode spacing of a 1 -100 GHz frequency comb is sufficient to resolve individual modes with a spectrometer making the comb much more easily applied. To produce a frequency comb of this spacing, a GHz microresonator can be driven with a CW laser, leading to continuum generation via parametric amplification in materials with high n 2 . Thanks to their cavity lengths and carrier lifetimes, VECSELs typically produce approximately 0.5 -5 GHz pulse trains (though they can span a broader range), therefore Pulse Repetition Frequency (PRF) can be tuned to drive a microresonator at a sub-harmonic for enhanced amplification. The ability to produce a resonantly enhanced solution to GHz frequency combs, from a compact laser source and target, will enable applications in spectroscopy, optical arbitrary waveform generation, astrophysical spectrometer calibration and telecommunications, which require frequency combs with large mode spacing 4 .
VECSEL PERFORMANCE
VECSELs, also known as Semiconductor Disk Lasers (SDLs), have gained a great deal of interest in recent years both in CW and ML operation. Semiconductor material may be grown to provide emission at a variety of wavelengths, for narrow linewidth or mode-locking. Over the last few years refinements to the growth process and design of gain structures has lead to pulse duration and output power records approaching the performance of the highest performance mode-locked lasers. To enable fundamental mode-locking, VECSELs are typically built with a Semiconductor Saturable Absorbing Mirror (SESAM). SESAMs must be grown to precise specifications to pair properly with a given VECSEL gain structure. As a whole, the VECSEL structure pair must be designed to balance GDD, non-saturable losses, modulation depth, or transform-limited pulses may become inaccessible at high powers. Since both VECSEL gain structures and SESAMs can both be fabricated in the same process Mode-locked Integrated eXternal-cavity Surface Emitting Lasers (MIXSELs) have been developed to combine and active region and saturable absorber into a single semiconductor structure. Finally, Self Mode Locking (SML) has been reported for VECSELs but has yet to generate sub 500-fs pulse durations and must be researched further.
Design of VECSEL structures is critical to reduction in pulse durations with average powers near 1-W. Dispersion management through careful microcavity design and dielectric coating has resulted in huge advances in ML performance. In addition, thermal management in VECSELs has advanced significantly in recent years, which has vastly improved the power handling capabilities of VECSEL structures. "Flip-chip" design and acid etching of substrates has eliminated the issues of thermal extraction through large amounts of semiconductor material. This can be coupled with intra-or extra-cavity heat-spreaders, which are becoming a standard feature of high performance results. The most noteworthy variant of thermally managed VECSELs is the Membrane External Cavity Surface Emitting Laser (MECSEL) [34] [35] [36] where the periodic gain structure is acid-etched completely from Figure 1 . (On a log-log scale) Peak power results for sub-ps VECSELs (blue) and MIXSELs (red) [28] [29] [30] [31] [32] [33] . Results are distinguished by direct output (circle) external pulse compression (upward-triangle) and repetition-rate tunable (downwardtriangle). The peak power and pulse duration of the ML Ti:Sapphire laser used in this paper (Fig.3 ) is also displayed (green). Two dashed lines delimit 1 kW peak power and 100-fs pulse duration respectively. the substrate in the absence of a DBR to produce a membrane of QWs which is suspended between heatspreaders. All efforts to improve the thermal management of the gain structure are instrumental to pushing ML-VECSEL output into the multi-Watt regime.
Compared to conventional systems, VECSELs have only recently been capable of exceeding 1-kW peak powers at pulse durations below 200 fs 23 , and even more recently approaching 1 kW at pulse durations of less than 100 fs 8 . A further restriction to peak power is the high pulse PRF typically exceeding 1 GHz. In addition, power scaling and emission wavelength are dependent on the semiconductor growth, and may not necessarily align with conventional continuum components (Ti:Sapphire or telecom wavelengths). Therefore, careful design of both the VECSEL and the target material is necessary to match the performance of the standard frequency-comb solutions. Fig.1 displays the current state of the field for fundamental mode-locking for VECSELs and MIXSELs (from 50 fs -1 ps, and 0.1 W -10 kW). Notable results are at pulse durations of less than 100 fs 8 , and higher peak powers than 1 kW 14, 23 .
Previous work on VECSEL-continuum has been performed by Wilcox et al. (2013) 14 , using a thermally managed ML-VECSEL producing 400 fs coupled into 2 m of 2.2-µm core Photonic Crystal Fibre (PCF). At a coupled power of 0.5 W (≈0.75 kW) the output spectrum was up to 175 nm. Head et.al. (2013) 22 , also reported supercontinuum of up to 280 nm while pumping 1 m of of 4.8-µm core PCF. The VECSEL output was externally amplified and compressed (VECSEL-MOPA) resulting in 40 W of 400-fs pulses, at 1040 nm, and a PRF of 3-GHz. The PCF average output power was 2.5 W, equivalent to a minimum coupled peak power of ≈2 kW. These results were primarily limited by the power handling of the PCFs. The average power required to drive supercontinuum at 400fs and PRF of 1.7 GHz and 3 GHz respectively, is close to the PCF damage threshold. Improving pulse durations and average powers may lead to significant improvements in broadening results, however, this will lead to an proportionally higher average power. Therefore, broad continuum generation will rely on improving power handling and if possible reducing required peak power of target structures. These requirements can be addressed by using materials with high n 2 , and microstructure development for resonant enhancement.
NOVEL MATERIALS FOR NON-LINEAR GENERATION
Silica (SiO 2 ) has become a standard material for comb generation, recent developments into on-chip materials and chalcogenides have demonstrated low coupling and propagation loss, and much higher n 2 critical for compensating for lower peak power laser sources. In particular, Tantalum Pentoxide (Ta 2 O 5 ) has been demonstrated to have propagation losses of approximately 0.2 dB/cm have been reported and an n 2 3 -6.5 times larger than Si 3 N 4 and SiO 2 38 . Tantalum Pentoxide is also CMOS compatible, opening up the possibility of on-chip fabrication, and microstructuring, pairing well with the GHz PRF of VECSELs to pump a microstructure on-resonance. Ta 2 O 5 has been heralded as an ideally suited material for photonic devices and circuits. It exhibits a number of properties that make it an attractive medium for non-linear generation. It is transparent from 150 nm up to 4 µm with reported propagation losses of approximately 2 dB/cm; this presents a major advantage over semiconductor materials which typically have limited transparency windows and are thus unsuitable for passive devices. Perhaps most important, is that the third-order (χ 3 effects) are comparable to chalcogenides, n 2 = 7.23e-19 m 2 /W , significantly higher than SiN (n 2 = 2.3e-19 m 2 /W ). Ta 2 O 5 also benefits from compatibility with CMOS processing and can be sputtered onto Silicon (Si) and for lower losses techniques such as Selective Oxidation of Refractory Material (SORM) have been applied to refine the structures. SORM is a process that uses a SiO 2 mask and e-beam to selectively uncover sputtered Ta 2 O 5 for precise and high quality waveguide and microstructure fabrication reducing propagation losses compared to standard techniques 39, 40 . This process allows highly tunable design of high index waveguides, allowing zero dispersion wavelength (ZDW) and microresonators to be optimised. Further improvements over other materials include the possibility of direct grating couplers which can greatly improve performance over high confinement fluoride glasses. Fluoride glasses (including ZBLAN), have demonstrated very high non-linear response (n 2 = 5.4e-16 m 2 /W ) producing 200 -2,500 nm with nJ pulses of 1042-nm light 41 . Unfortunately, these structures with high confinement typically have to balance the advantages fo confinement with high coupling and propagation losses.
For this research we have obtained two sets of waveguides, strip and rib, composed of Ta 2 O 5 and Er:Ta 2 O 5 respectively. Both were designed for a pump wavelength close to 1.5 µm but will serve as a first step toward targeted waveguide design for 1-µm . To test the performance of these waveguides we built a setup based on a ML-Ti:Sapphire laser emitting a pulse train of ≈100-fs pulses at 808 nm, at a PRF of 82 MHz and with an average power of 470 mW, approximately 53 kW peak power (Fig.3) . The ends of the waveguides are polished and the NA of the waveguides is approximately 0.5-0.75, to match this condition the closest focussing element available fo our experimentation was an aspheric of NA=0.44. Power was recorded using a PhotoDiode (PD), and both the output port of the waveguide and lateral emission (in the Er-doped case) were analysed with OSAs.
The first set of waveguides were 5 mm long strip waveguides 0.6 µm high and 20 µm wide. The large width versus height difference imposes a strong preference on horizontal polarisation. Fig.2(b) displays the increase in spectral width for 53 kW incident on the input port, resulting in an increase from ≈25 nm to ≈ 60 nm (at -20 dBm/nm). As this was performed on a very small propagation length, with high insertion and propagation losses, this result indicates the potential of even very small sections of Ta 2 O 5 .
The second set are waveguides used in Subramanian et al. (2010) 42 . These waveguides are 2-cm long, Ta 2 O 5 doped with Er, at a concentration of 2.7e20 ions/cm 3 , in a rib structure (shown in Fig.2(c) ). The rib design has been selected and optimised to produce a larger mode than a strip waveguide, with lower reflection losses associated with propagation. Fig.2(b and c) display the output port andlateral emission of the waveguides as a function of peak power. The waveguide output port was used to collect the IR mode, but the laterally emitted green (550-nm) was not strongly guided and was collected by a multimode fibre in close proximity to the waveguide surface. The low confinement/larger mode in these rib waveguides suppresses nonlinear generation and the broadening of the output port spectrum. In addition, the high concentration of Er strongly absorbs the mode power. The waveguide displays lateral emission of 540-nm light with a FWHM of approximately 40 nm, which has previously been attributed to parametric amplification ? , and Er:Ta 2 O 5 PL 43 via two photon absorption. The pumping of this emission is performed at 808 nm and retrieval of spectral density displays a power relationship of 2.6 ± 0.2, consistent with the expectation of square law for both processes.
The waveguide performance shown here displays the potential for low loss modes in Ta 2 O 5 waveguides, successfully guiding highly energetic pulse trains. Ta 2 O 5 strip waveguides demonstrated an increase of 25 nm to 60 nm over a 5 mm section without thermal management, fully optimised coupling optics or rib structure to cut down propagation losses. In the Er:Ta 2 O 5 , the parasitic nature of the IR to green mechanism means that these waveguides are unsuitable to exploit the n 2 of Ta 2 O 5 but will be used to design further waveguides for low loss at our VECSEL wavelength. Furthermore, the peak power available with a Ti:Sapphire laser is at least an order of magnitude higher than that currently achievable with a VECSEL, and pulse durations of <100 fs are only just becoming available to VECSEL research. External amplification and pulse compression may lead to significant increases in VECSEL generated continuum, however the huge average power required to match conventional laser peak power will pose an obstacle. As such, the route to efficient use of Ta Resonators of this quality and material are of great interest to VECSELs and non-linear generation as a whole, and they even provide a route to on-chip solutions and devices. In addition, simulations performed by Rabiei et al. of Grating Couplers (GC) indicate that possible coupling losses may be as low as 2 dB, drastically improving coupled peak power and reducing the potential damage to the waveguide under a VECSEL's average power.
To develop and optimise aTa 2 O 5 microresonator, the properties of traditional rib waveguides must first be investigated to determine zero-dispersion designs, and minimise coupling and propagation losses at VECSEL Figure 5 . A schematic diagram of a ML-VECSEL punping a microresonator (µResonator) for continuum generation. The VECSEL will be tuned to the Nth subharmonic of the microresonator and the output will be isolated. Power, polarisation and coupling will be controlled via Variable ND filters (VND), a half wave plate (λ/2) and an NA selected objective (L1). The waveguide coupling can be further optimised for high power with a Grating Coupler (GC). The microresonator fR will be of the order 10 -100 GHz to target a large mode spacing frequency comb. As long as the span of the comb ∆f is broad enough the fCEO can be stabilised for a coherent and absolute frequency measurement.
wavelengths. Fig.5 displays a proposed configuration of a ML-VECSEL to produce coherent supercontinuum. A VECSEL with PRF tuned to the Nth subharmonic of a microresonator (f R ) will be coupled into a waveguide, directly or via a grating coupler (GC). To optimise the performance of the system, the VECSEL must be isolated, to reduce destabilising backreflections, and power and polarisation must be controlled, with VND and λ/2. The resonator itself will be based on Ta 2 O 5 waveguides, and f R will target the 10 -100 GHz range for large mode spacing in the comb. Absolute frequency measurement will depend on stabilising f CEO , which in turn relies on an octave spanning ∆f and high comb output power.
Conclusions
The results presented here represent the first steps toward a compact platform for GHz frequency combs. The VECSELs the research community is able to grow and build, are fast approaching the performance needed to supply an entire generation of new devices, making easily resolvable frequency combs a reality. However, using a ML laser at PRFs near 1 GHz requires significantly higher average powers to approach conventional ML lasers with PRF at sub-100 MHz. As such, materials with higher non-linear response and the possibility of microstructure design are of paramount importance. Here we have experimented with Ta 2 O 5 waveguides to determine near-IR coupling and propagation characteristics, to eventually fabricate custom structures compatible with VECSEL wavelengths and peak powers. Strong doping in the target structures has highlighted that other processes can leech at the peak powers required for broadening and eventually coherent continuum generation. Un-doped structures however were easily capable of producing a broadened output, achieving over double the input breadth (25 nm -60 nm) with sub-10 mm propagation through Ta 2 O 5 . This result coupled with Ta 2 O 5 fabrication methods and opportunity for optimised design, gives a promising outlook to VECSEL continuum generation.
